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ABSTRACT 


This report cons iders. twenty fiber-optic sensor subsystems. Depending 
on application requirements, various combinations of these subsystems can be 
used to form a sensor system with a digital transmission format which is un- 
affected by power interruptions, etc. The subsystems are divided into three 
groups — light source, sensor and detector. 

All these subsystems, and the systems which are obtained by combining 
them, have certain desirable features and advantages. At least three of 
these systems are not only extremely promising, but are diverse enough in 
concept to make a further "narrowing down" to one "best" system for future 
study a very difficult task. The authors have converged on these three systems 
for further study because they embody the key principles involved in the 
concepts used for all of the twenty subsystems. These three systems are as 
f o 1 1 ows : 

A. Interference filter with temperature-dependent geometry utilizing 
color modulation. 

B. Luminescent material with dependent emission decay time utilizing 
pulse-width modulation. 

C. Point source of light with pressure-dependent motion utilizing a 
Holographic Processor to convert motion to color multiplex. 
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1 . INTRODUCTION 


1.1 PROBLEM 

Present sensor technology has not kept pace with the data accumulation 
and reduction capability of modern mi croel ectroni cs . Available sensors are 
bulky, costly and not readily compatible wi th digital microprocessing electron- 
ics. A means of monitoring aircraft engine status--e.g. , temperature, pressure, 
flow rate, etc. — using sensors which are as reliable, rugged and inexpensive 
as semiconductor components will great.ly enhance aircraft system performance. 
Such sensors, however, must withstand the hostile environments encountered by 
aircraft systems. Since most aircraft environments are subject to electro- 
magnetic interference and hazardous gas atmospheres, an al 1-opt ical sensor 
concept for aircraft status monitoring is highly desirable. 

1.2 OBJECTIVE 

The objective of this contract is to identify innovative, promising 
concepts for passive, digital-compatible optical sensors, and to define the 
technology base required for their development. The intended application for 
these sensors is in digital electronic propulsion control systems for jet 
engi nes. 

1.3 BACKGROUND TO SOLUTION 

Recent advances in the field of micro-optic systems — i.e., fiber and 
integrated optics--have led to their introduction into military aircraft. 

Fibers are competing with electronic communications because of many ad- 
vantages they possess over conventional data links. Such advantages include: 

1. Immunity to electromagnetic i nterf erence . 

2. Smaller, lighter and less expensive than electronic components, 

3. Safe operation in a hazardous atmosphere. 

4. Optical signals can be transmitted across bulkheads and gaps 
in the transmission path with no special considerations. 

All these advantages apply when one considers utilizing fiber optics for air- 
craft engine propulsion sensors. The fundamental disadvantage arises when 
one realizes that sensing functions are Inherently analog, while data trans- 
mission and processing are digital. Thus, the analog sensing function ideally 
will be converted to a digital signal at the sensor. The problem of analog 
signal variations due to fiber motion and random connector losses will then be 
avoided. 


Fiber-optic sensor systems should have a digital transmission format and should 
be independent of intensity variation; therefore, a limit exists on the 
number of light wave transmission parameters which can be utilized. These 
constraints do not limit the number of parameters that can be used for sensing. 
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Fiber Sensor Modulation Formats 
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If single mode fibers were to be used, all five (5) characteristics of light 
could be applied to digital transmission; i.e., amplitude, intensity, v/avelength, 
phase and polarization. However, the use of the more practical multimode 
(N > 1000) fiber restricts transmission schemes to digital intensity modulation 
(pulse width, pulse frequency, etc.), wavelength (or color) modulation and 
color multiplexing. These three basic format concepts are shown in Figure 1.3-1. 

Even though some of the above-mentioned parameters, e.g., polarization, cannot 
be used for transmission, they can be used for sensing and then can be con- 
verted to a useful transmission parameter. For example, a material which 
alters polarization as a function of temperature can be sandwiched between 
crossed polarizers and, hence, can sinusoidally modulate intensity as a function 
of temperature. By using a number of these sensors — each with a different 
temperature resolution — a digitally encoded intensity signal can be generated 
and transmitted. 


This example and the above discussion suggests a handy "black box" format 
for discussing fiber optic sensor systems (see Figure 1.3-2). The first box 
represents the light source or means by which the signal (to be modulated by 
environmental parameter and transmitted over the fiber) is generated. The 
second box represents the sensor subsystem and has two components — the 
environmental parameter to light wave parameter transducer and if needed, the 
light wave parameter to transmission parameter converter. The last box 

represents the subsystem which converts the digitized optical signal to a 
digital electrical signal. 


This report is structured to correspond zc the 
in Figure 1.5-2. Tables 1.3-1, 1.3-2 and I. 3-3 indi 
sensor and detector subsystems considered individual 
the technical discussion. 


subsystem (boxes) shown 
cate the light source, 
ly in the subsections of 


SENSOR SUBSYSTEM 



Figure 1.3“2. Fiber Optic Sensor Systems 





LIGHT SOURCE 

APHLICATIOW 

SOURCE 

SECTION 

NarrowbanJ 

Binary, Pulsewidtli, 
Pulse Fiequency 

Liybt emitting diodes 
(direct bandgap) 
Laser 

Laser diode 

2.1.1 

Broadband 

Spectral modutation 
ey, color iiiodulatioo ur 
or niiiltiplexiny 

Incandescent 
Liylitemitting diode 
(indirect bandgap) 

2.1,2 


Table 1.3”I Litjht Source Subsystems 










PHYSICAL PHENOMENA 


OPTICAL PARAMETER EFFECTED 


Teinpcraturo cliaiiyes 
birefrinycnt characteristic 
of crystal 

Plane of polarization rotated 

Tcni|icratura or prcsssure 
causes luniiiitfscent decay 
of variable period 

Intensity pulsewidth varies 

Temperature or pressure 
causes material to 
luminesce at different 
wavelengths 

Wavelength varies 

Pressure aiid/or temperature 
change filter character of 
semiconductor bandgap 

Wavelength of high pass filter 
varies 

Pressure or temperature 
change dispersion crossings 
ill anisotropic material 
causing coupling of 
polarization modes. 

Wavelength of bandpass fitter 
varies 

Multiple beam 
interference filter 
(multilayer and Fabry 
Perot) geometry 
with temperature 
pressure 

Wavelength of bandpass filter 
varies 

Vibration or flow rate 
uses excitation of 
resonant frequency of 
particular length fiber. 

Intensity pulse rate 
varies 

Tablu 



.eiisoi' Subsystems 



PHYSICAL PARAMETER 

OPTICAL PARAMETER EFFECTED 

CONVERSION TO TRANSMISSION 
PARAMETERS 

TRANSMISSION 

SECTION 

TettiiieraUiro or pressure - 
uses Raman Nath phase 
yratifiQ •• geometry variations 

Wavelength spectral positional shift 

None 

Color Modulation 

2.2.8 

Temperature and pressure •• 
varies Bragg diffraction 

Wavelength spectral positional shift 

None 

Color Modulation 

2.2.9 

Environment induced 
mechanical motion of 
optical shutter 

Intensity switched on and off Uy 
shutter. 

Shutter is binary (e.y., Gray scale) 
coded to produce digital word 
corresponding to environment 

Binary Modulation 
or Coherent Bundle 

2.2.10 

Enviruniiient induced 
mechanical motion of 
optical shutter 

Intensity switched on and off by 
shutter. 

Dispersion assigns color channel 
to each iiiteiisily modulated 
signal. 

Color Multiplexed 

2.2.11 

Environmentally 
induced motion of point 
source of light 

Position oflight source 

Holographic processor converts 
source positiun to color or binary 
signal 

Color Multiplex 
or Coherent 
Bundle 

2.2.12 

Environmentally 
induced motion of 
point source 

Position of light source 

Variable handgap semiconductor 
used to vary spectrum 

Color Modulation 

2.2.13 


Table 1.3-2 Sensor Subsystems (Continued) 



DETECTOR 


Digital amplitude 


Pulsewidth 


Pulse Irequeticy 


Spectral analysis 


Holographic processor 


QUANTITY DETECTED 

METHOD 

SECTION 

Binary (including Gray code) 
bits on individual fitters 

One photocell tor each bit 

2.3.1 

Time duration of pulse 

Level ratio discrimination and 
gated counter 

2.3.2 

Frequency of light 
pulses 

Signal from photocell analyzed 
electrically 

2.3.3 

Color inudulated or 
multiplexed signal 

Dispersing prism or grating, 
graded interference or 
conventional filter, etc., and 
CCD photocell array 

2.3.4 

Binary or color 
modulated or multiplexed 
signal on incoherent bundle 

Hologram translates position 
or color signal to pattern on 
phutucell array 

2.3.5 


T^bl e i . J '* 5 Detector Subsys terns 























2.0 TECHNICAL DISCUSSION 


This section is organized according to the black box representation 
of a sensor system in Figure 1.3-2. Three separate sensor subsystems— 1 ight 
source, sensor and detectoi — are each considered in a separate subsection. 

Such a format allows for condensing the vast number of sensor systems obtained 
from the various allowable subsystem combinations and permutations. 

2.1 LIGHT. SOURCE SUBSYSTEM 

Since the 1 ight source subsystem is the starting point in analyzing a 
sensor system, it will be considered first. Typically, the light source sub- 
system will be the least complicated subsystem of the sensor structure. 

2.1.1 Narrowband Light Source . This light source is usually required for 
intensity oriented transmission schemes (binary, PWM, PFM) . Actual devices^ 

available for use include direct bandgap, binary or tertiary semiconductor light 
light emitting diodes (either "super-radiance" or laser). These sources 
might require modulation depending upon transmission scheme. 

2.1.2 Broadband Light Source. This light source is usually required for 
spectral -or i anted transmission schemes (color modulation, color multiplexing). 
Devices v/i th such spectral output include light emitting diodes with indirect 
bandgaps or incandenscent sources. 
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2,2 SENSOR SUBSYSTEM 


2.2.1 Temperature Sensor Utilizing Birefringent Crystals 

The distinguishing basic feature of the crystalline state, as far 
as optical properties are concerned, is the fact that crystals are generally 
electrically anisotropic; i.e., the polarization produced in the crvstal by 
a given electric field is not a simple scalar constant times the field, but^ 
varies in a manner that depends on the direction of the applied field relative 
to the crystal lattice. One consequence of this phenomenon is that the speed 
of propaga t ion of a light wave i n a c ry stal is a function of the di r ec ^ i on 
of propagation and the polarization of the light. 

Generally, for most crystals, there are two possible values of the 
phase velocity for a given direction of propagation. These two values are 
associated with mutually orthogonal polarization of the light wave. Hence, 
crystals are normally termed double refracting (bi refringent) . However, 
not all crystals are bi ref r ingent. Symmetrical cubic crystals, such as sodium 
chloride, never exhibit double refraction. 

A handy model to illustrate the anisotropic polarization of a crystal 
is shown in Figure 2.2. 1-1. A bound electron is depicted as being attached 
to a set of fictitious elastic springs. The springs have different stiffnesses 
for different directions of the electron's displacement from its equilibrium 
position within the crystal lattice. Consequently, the d i spl ac^ent^of the 
electron under the action of an external field depends on the direction or 
the field as well as its magnitude Calso true of the polarization). In 
addition, the spring stiffnesses may be sensitive to temperature, causing 
electron d i-spl acement to vary not only with field and polarization, but also 
with temperature. 



Q 


Figure 2.2, 1-2 is an application of this model to an intensity-modulated 
temperature sensor, A source with a broad spectrum is transmitted through a 
fiber and dispersed by a lens-prism system. The spectral components pass 
through the first polarizer. The resulting polarization vector is then 
rotated fay the birefringent cell through an angle which is proportional to 
temperature. The second polarizing filter (the analyzer), causes the light 
intensity to vary sinusoidally with temperature. By using shorter birefrinq" 
ent cells, the other sensors are caused to have less sensitivity, so that each 
of the detected outputs represents a binary bit (e.g., " Gray coce*') . Then the 
color signals are mixed, transmitted by fibers back from the remote sensor 
and then separated and detected. This color-multiplexed sensor system Is 
shown in Figure 2,2. 1-3. 



Figure 2.2, 1-2. Birefringent Crystal Between Crossed Polarizers 
to Form Temperature Sensor Element. 
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2.2.2 Pul se^Width-Modulated Luminescent Temperature Detector 


Of the many types of known 1 um i nescense,* the type which is of use here 
Is photoluminescence, that is, luminescence which is excited by visible or near 
visible irradiation. Photoluminescence is divided into fluorescence and phos- 
phorescence. Phosphorescence is the 1 umi nescence wh i ch occurs after the exciting 
radiation has. been removed (in some definitions a length of time, such as 10 
nanoseconds, after the exciting radiation has been removed is specified as the 
beginning of phosphorescence). Fluorescence is the radiation which occurs 
during excitation, and is normally of a different wavelength than the exciting 
radiation, but in the case of resonant f 1 uorescence, may be of the same wave- 
1 ength. 


Because of possible difficulties of separating the exciting radiation 
from the luminescent radiation, it is the phosphorescent type of luminescence 
which is considered to be applicable to fiber-optic sensing. 

Figure 2.2.2-l(a) shows the basic luminescent temperature sensor. It 
will be noted that physically this sensor Is probably the simplest of the sensors 
being proposed. It consists of a pulsed light source, S, a phosphorescent tip, 

P, for sensing temperature at a remote location, and a photodetector, D, at the 
process Ing unit. 

There are two basic physical characteristics of phosphorescent materials 
which are suitable for use as a temperature sensor. The shift in wavelength 
or color of the phosphorescent radiation will be discussed In the next section. 
The other effect, to be considered ncvy, is the variation in the time constant 
of the decay of the phosphorescent radiation. This variation in decay time con- 
s^an^ is illustrated in Figure 2.2.2— 2. 

Figure 2. 2. 2-2 shoves the wide variation of time constant which can 
result from a change in temperature, it also gives some indication of other 
phosphor character i s tics which will require study. This is a standard phos- 
phorescent material, the structure being indicated on the drawing. This Infor- 
mation is from reference C23) • Note first the three solid lines which 
represent excitation by 4500 light. These decays are for the temperatures 
169, 313, and 404®C. At 169''C, it is seen that the decay is to below 20^ in a 
time period too short to measure on this graph, possibly one-tenth of a second 
or less. At a temperature of 313^0, It Is seen that the output intensity falls 
by only 10% in one full second. The fact that this particular phosphor at this 
temperature has a long time constant should not be taken as an indication that 
quickness of response will be a problem; there are many thousands of phos- 
phors available, and many of them have very rapid time constants. At the 
temperature of 404^C, it is interesting to note that the time constant has 
again shortened, so that there is a temperature of maximum time constant. This 
means that it will be necessary to select phosphors which are not double valued 
in terms of time constant in the temperature region of interest. 

Two other factors which will require design considerations may be noted 
in Figure 2. 2. 2-2: First, it Is noted that the time decay constant is a function 

of the v/avelength of the exciting radiation. Second, it is noted that the 


*Electro, thermo, auto, cathode, tribo, Roentgeno, iono, chemi , bio, cando, etc. 







Initial phosphorescent output, Lq, compared to the value of Lq at ZS^C, varies 
for the different conditions given on this plot. These values are given 
numerically after the temperature on the plot. A method of automatic gain 
control which is proposed to compensate for this variation in initial 
intensity, is described below in relation to Figure 2. 2. 2-1 (b) and 2.2.2~l(c). 
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{STD. VI) 


Figure 2. 2. 2-2. 


Phosphorescent Decay Characteristics of 
a Selected Luminescent Material 


Coupler C can be made so as to couple most of the input light, labeled 
IN, to the transmitting fiber connecting to the phosphorescent tip. However, in 
all cases, some fraction of this light from the input will couple back into 
the output, labeled OUT, in Figure 2.2.2-l(b). Because the input light will be 
much more intense than the signal from the phosphorescent detector, even a 
small fraction of the excitation light being coupled back to the output could 
produce a signal larger than the signal which is to be sensed. Therefore, it 
is considered necessary to pulse the exciting source signal. In addition, if 
the decay transient is the quantity which is to be measured, the pulsing of 
the exciting source, S, is also necessary in order to create the transients 
which are to be measured. Figure 2. 2. 2-1 (b) shows a block diagram of a scheme 
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which can be used to convert the pu I se-wi dth-modu 1 ated signal from the phos- 
phorescent temperature detector to a usable output. Figure 2.2.2-2(c) shows 
waveforms which occur during this detection. Trace 1 shows the input pulsed 
light source. Traces 2 and 3 show output waveforms for two different temperatures 
of the phosphor. 

The sequence of operation is as follows: During the input light pulse, 

the output of the phosphor builds up to a saturated value, as indicated in Trace 2 
and 3* The area is partially shaded in the drawing because this actual value is 
not available for measurement due to the crosstalk in the bidirectional coupler, 

C. During the next period, labeled '^sample'* in Figure 2.2.2-l(c), the gain of 
the amplifier, A, is adjusted so as to bring Its output to a value, L«. This is 
accomplished by a block labeled S/H, for sample/hold, in Figure 2.2. 2-1 (b). 

The ending of the input pulse causes the sample/hold network to sample during 
the “sample" period following the input pulse. While this sampling is occur- 
ring, the output of the amplifier. A, is compared to the reference The dif- 

ference between this output and is passed through an amplifier and the sample/ 
hold network to adjust the gain of the amplifier, A, in a negative feedback 
fashion, so as to null out this difference and cause the output of the amplifier, 
A, to adjust to the value of gain which brings its output to Lo- At the end of 
the sample period, the sample/hold device switches to the hold Inode in which its 
output is a constant value, namely the value of the last sample. This maintains 
the gain of amplifier A at a constant value. Thus, referring to Figure 2. 2. 2-1 (c) 
Trace 2, at the end of the sample period, will have the value Lq no matter what 
the actual output of the phosphorescent detector is, and no matter what the 
attenuation is through the line from the phosphorescent detector back through 
the coupler and into the photo output detector. As the light output of the 
photodetector decreases, the time which is 'required for this light output to 
pass from L] to L 2 is measured by the pulse vndth detector, which is simoly a 
con;:r*olled counter. In Figure 2.2.2-l(c), Trace 2, this width Is labeled T|. 

In Trace 3, the temperature of the phosphor has changed and this decay period 
has changed to T 2 . Because the amplitude Is standardized at Lq, the pulse width 
could also be measured from amplitude Lq to amplitude L 2 * 

it is recognized that while this system is defined as a pulse width 
modulated system, the pulse observed (as seen in Figure 2.2.2-l(c), Trace 2 
and Trace 3), does not have a sharp square pulse as is exoected of a true pulse 
width modulated system. As has been pointed out, however', if the amplitude 
of the signal from the phosphorescent detector or the attenuation in the 
cable of that signal should change, the amplitude regulating system described 
in Figure 2.2.2~l(b) will compensate for the primary effects of such amplitude 
change. 
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2.2.3 Luminescent Temperature Sensoi — Wavelength Detection 


A second method of sensing the temperature of the phosphorescent tip 
is by the detection of the color temperature of the phosphorescent radiation. 

In this case, although pulsed excitation is not required for the purpose of 
initiating transients for pulse width modulation as before, pulsed excitation 
is nevertheless expected to be required in order to avoid the crosstalk of the 
excitation signal with the output. Alternatively, these two signals could be 
separated by establishing a wide frequency or wavelength separation between the 
exciting illumination and the phosphorescent illumination; in that case, the 
system would properly be called a flourescent detector rather than a phosphorescent 
detector. 

In Figure 2.2.3“1, the light signal is shown originating at S, passing 
through the bidirectional coupler, C, passing to the phosphorescent (or fluor- 
escent) temperature sensor, and returning to the detector, D, through the 
bidirectional coupler, C. 

There are numerous ways of analyzing the wavelength pattern of the signal 
returning to the detector from the sensor. In this case, a hologram is shown. 

This hologram, as described elsewhere in this report, is designed to produce 
a binary signal, the value of the binary number being designed to indicate temp- 
erature to some suitable scale. 



Figure 2.2.3“1. Wavelength-Modulated Luminescent 
Temperature Sensor. 
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2.2.4 T emperature a nd/or Pressure Dependent Semiconductor Filters 


A prime sensor concept — color modulation — was introduced in the proposal. 
In this general concept a broad source spectrum is filtered by either a high- 
er low-pass filter, or, most ideal, a band-pass filter. Then, the detected 
spectrum is analyzed for cutoff or band-pass wavelengths. If these particular 
wavelengths of the filter elements are functions of environmental parameters, 
then the total system forms a fiber-optic sensor which is independent of In- 
tensity variations in the fiber, 

A most straight forward manner of filtering involves semiconductor 
high-pass (relative to wavelength) filters. The presence of an energy gap in 
semiconductor materials makes them inherent optical filters. Photons of a 
given energy, and higher, can excite electrons from the valence band across 
the gap to the conduction band. These photons — of a given wavelength, 
and shorter — are thus absorbed. 


In the proposal for the contract, only crystalline semiconductor materials 
were considered. However, these crystalline structures are often difficult to 
deposit on various substrates. Further, some complicated compound semiconduc- 
tors — although theoretically possible — have yet to be grown In sufficiently 
large crystals to allow for experimentation and evaluation. The fabrication 
advantages of amorphous semiconductor films over crystalline films include 
ease of fabrication and relaxed requirements on lattice constant matching with 
a variety of substrates. However, some differences in optical properties 
between the crystalline and amorphous states of a semiconductor do exist. 


Many features of the crystalline semiconductor exist In the amorphous 
;tate. There is a filled valance band, roughly derived from bonding crbl:ol: 


anc an 


‘om ancibonding orbitals, 


/ concuetJon oana 

'c crystal, and in the o^e-e 1 ecr.r-on aporox ima t ion , the v.: • 

tiens in the bands may be written as the product of a plane v/ave or ter in; 
wave vector, k, and a function having the periodicity of the lattice. in anv 
real crystal, hov/ever, there will be defects (e.g,, Impurities, vacancies, 
inters! tials, dislocations), which scatter the Bloch waves, so that the wave 
vector, k, is only an approximate quantum number characterizing the states. 

.In the amorphous material,^]< is not a good quantum number for the electronic 
states. Some remnants of k-conservat ion may persist, however, in that states 
in a given energy range may contain wave vectors associated with particular 
with particular portions of the Brillouin zone of the ordered structure. 


The rough features of the density of states will generally be the same 
in the amorphous material as in the crystalline, provided that the short-range 
ordering of the atoms is similar for the two cases. Sharp features of the 
crystalline density of states, arising from critical points in the Brillouin 
zone, where there is a vanishing of the gradient of the energy value with 
respect to v;ave vector, would, of course, be considerably smoothed out in the 
amorphous system. Correspond I ng to the energy gap in the crystal, there will 
be a quasi-gap in the energy band of amorphous material, where the density 
of states IS much smaller than in the valence and conduction bands (see 
Figure 2, 2. 4-1 ) , 
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Figure 2. 2. 4-1. Schematic Density of States for a Crystalline 
and an Amorphous Semiconductor. 
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Principal Optical Absorption Band — A typical example of the differ 
ence in optical properties between crysta I 1 I ne (c) and amorphous (a) solids 
is shown in Figure 2. 2. 4-2, 



Figure 2. 2. 4-2. Principal optical absorption band of a 
a-Ge (curve a) and a c-Ge (curve c) • 


The principal absorption band of a-Ge Is situated approximately in 
the same energy range as that of c-Ge, but it lacks the sharp structure 
character i St ic of crystals. This is easily understood: with loss of the 
long range order, the k vector ceases to be a good quantum number and is 
only partially or not at all conserved during optical transitions. 

Absorption Edge — In contrast to the principal absorption band, the 
shape and energy of the absorption edge often depends on the preparation and 
thermal history-of the samples (a structure-sens i t i ve property), in particular, 
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in thin films. Figure Z.2,k-3 shows the dependence of the absorption constant 
of a-Ge in the region of the absorption edge on the temperature of annealing. 
The pressure shifts of the edge of amorphous Ge and SI are different from the 
shifts of any of the gaps in the crystal. Similarly, as in cr-^stalline semi- 
conductors, the definition of the atssorption edge energy, Eg°*^ , requires some 
knowledge or at least some theoretical assumptions, about the absorption 
processes in the region in question. 



. ho (eV) 


Figure 2. 2. 4-3. Dependence of the absorption edge of a-Ge on the 
temperature of annealing. Curve 1: deposited at 20“C, non- 

annealed. Curves 2, 3, 4 and 5: annealed at 200, 300, 400 and 
500“C, respectively. During the annealing at 500‘’C, the sample 
crystal 1 ized. 


An example of an amorphous semiconductor material which can be used 
as a temperature sensitive high pass filter for a fiber-optic, coioi — modulated 
sensor is shown in Figure 2. 2. 4-4. Amorphous Selenium will absorb variable 
wavelength radiation over a range from -200“C to 400°C. 
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Figure 2. 2.4-4. Absorption Edge of a-5s at Various Tenparatura: 


One final point to be made about amorphous semiconductor technology 
is that it has potential application in forming teritiary and cuarternary 
semiconductors. These materials have much greater versatility as environ- 
mental parameter to optical filter transducers than single element semicon 
ductors . 




2.2.5 Narrow-Bandpass Filters Utilizing Coupled Polarized Modes 


For optimum discrimination at the spectral detector of a color modulated 
sensor system, a bandpass filter sensor element — rather than a low- or band- 
pass filter sensor element — should be used. Most contemporary optical band- 
pass filters, however, are high-cost microfabr Icated elements of very precise 
dimensions (e.g., multilayer interference filters or Fabry-Perot cavities). 
Recently, however, a narrow band filter which consists of a single crystalline 
material has been developed. This device has the potential for being formed 
more easily and fabricated more economically, while being more sensitive to 
environmental parameters than the previously mentioned types of band-pass 
filter sensor elements. 

One promising sensor concept involves the coupling of polarized light 
waves In mixed crystals. In hexagonal semiconductors, e.g., ZnO and CdS, at 
energies below band gap, light polarized perpend I cu 1 ar to the optical axis 
is strongly absorbed while light polarized parallel to the axis is readily 
transmitted, as shown in Figure 2,2.5"1. This absorption cannot be due to 
transi tions between two discrete electronic energy levels, but results from 
a coupling of energy from the transmitted mode (parallel to optical axis) to 
the absorbing mode (perpend i cul ar to the axis). This coupling would ordinarily 
not take place; however, ZnO and CdS have several crossings of the index of 
refraction curves — ny and nz. At these crossings, the anisotropic crystal 
becomes optically isotropic and the two types of polarized modes have the same 
phase velocities { vectors), and thus are easily coupled. Since this 
coupling only takes place at energies Coptical wavelengths) where the refractive 
Index curves cross, it gives rise to discrete spectral absorption lines. 

The problem of coupling two electromagnetic waves as discussed here 
(5 iden rif:al to the problem In mechanics of the coupling of two pendula by a 
weak spring, as shown in Figure 2.2. 5*2. Suppose pendulum 1 Is Initially at 
rest, while pendulum 2 initially has some energy. Assume a negligible energy 
is stored in the spring and that damping is small. If cui = (02» ^^e energy 
will pass from pendulum 2 to pendulum 1 until finally pendulum 2 is at rest 
and all the energy that has not been dissipated will belong to pendulum 1. 

The energy will then flow slowly back to pendulum 2, etc. If and^if 

- tj02 is large compared to the frequency at which the energy is transferred 
betv/een identical pendula, then long before pendulum 2 has transferred all of 
its energy to pendulum 1, the relative phase of the two pendula will change 
and the energy will begin to flow back to pendulum 2. Thus, the frequency 
of energy transfer will increase and the energy transfer will be far from 
complete. The equation describing the transferred energy is a function of 
time t for the two pendula with frequencies oi] and (02* equation is the 

same for the transferred energy (but as a function of distance, >^) through 
the crystal between two electromagnetic waves with wave vectors ky snd ^ 

In the former case, the transferred energy^ is ^ func_J_ion of (wj - 032 ) t while, 
in the latter case, it is a function of (ky - kz) • x . 





This phenomenon could be Implemented in a band~pass filter used 
with crossed polarizers, or In a band“reject filter used with parallel 
polarizers. The filter wavelength may be altered by varying the temperature 
or by applying an external strain. 

However, for ZnO or CdS, this variation occurs over a somewhat limited 
spectral range. Use of II-VI semiconductor materials can extend the spectral 
range to include the entire visible and near IR spectra. Such materials as 
Cd]--.;(Znj^ and CdSej-^'^^x ^^ve graded band-gaps and, hence, a coupled light-wave 
filter can theoretically be operated in a spectral range of urn to .9 yrn* 

The temperature and pressure dependence of the band-gap of these materials 
have been investigated for applicability in color modulation sensor systems. 



Figure 2. 2. 5-1. Propagation of Polarization 
Through Anisotropic Crystal 
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Figure 2.2. 5“2. Coupled Pendulum Analogy to 
Coupled Polarized Modes 
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2.2.6 Multi-Beam Interference Sensors 


Sensors may involve a multiplicity of reflections and splitting of a 
beam of light in a manner such that interference and support of the various 
components of a single light ray can occur a multiplicity of times. Such sensors 
have the desirable character I st i c that the change in output can be a very sharp 
function of the wavelength. For example, in Figure 2. 2. 6-1, an entering beam of 
light is shown being partially transmitted and partially reflected a multi- 
plicity of times. Because of a phase reversal which occurs when light is 
reflected from a more dense to a less dense medium (but does not occur from a 
less dense to a more dense medium), it is possible for the main reflecting 
beam, shown by dashed lines in Figure 2. 2.6-1 to cancel at a gap which Is equal 
to a multiple of half wavelengths. At the same time, the transmitted rays undergo 
an even number of reflections; so that even if there is a phase reversal, the 
even number of phase reversals produces no net reversal, and the transmitted 
components of light , at a ha 1 f-wavel eng th gap, are in supportive phase and 
transmission occurs. When the reflectivity of the surface is relatively high, 
a very large number of reflections is required before the transmitted beam adds 
up to an amplitude close to the amplitude of the incident beam. Under this 
situation, even a very small difference in light frequency causes the trans- 
mission to drop drastically. The result is a device with a very narrow trans- 
mission band, in terms of light wavelength. Such a device is known as a Fabry- 
Perot etalon when the space between the two plates is held fixed, and a Fabry- 
Perot I nterferometer when the space between the plates can be mechanically 
varied. 


In Figure 2. 2.6-2, a type of construction v/hich is visualized for this 
program, is shown. The steps of the construction are represented from Fig- 

tre e^ds 

; r ^ - 7 f s 


ure 2.2,6-2{a) through Figure 2.2.6-2(e). In Figure 2.2.6-2(a) 


two fibers are shewn having been sohericaliy 


r I at surraces , 
'!ber. In Figure 
it is anricipatged 


L w I : • ■ 1 « I d L e •• J . I i 

tnese two ends have been ooiishec so zraz they form eniargea 
perpend icu lar to the axis of the fibers, at’ the end of each ; 

2.2.6-2(c), a step has been added to the fiber on the left, 
that this step might be constructed by the cementing on of a small, solid cylind- 
rical piece of glass or quartz. Alternatively » the raised seep in Figure 2.2.6-2(c) 
may be formed by direct grinding procedures on this end. In Figure 2.2.6-2(d), 
a metal or other suitable washer-shaped spacer is shovm applied around the step 
which was formed in Figure 2.2.6-2(c). In Figure 2.2.6-2(e), a variation in 
height has been produced so that the glass center is somewhat shorter than the 
metal spacer. It is very important that the plane surfaces of the spacer and 
the step in the fiber extension be very flat and parallel. A method which is 
visualized for accomplishing this is as follows. First the fiber end with the 
spacer attached, as in Figure 2.2.6-2(d) is polished off to a single plane 
across the spacer surface and glass or silica surface. it is important that 
this plane be extremely flat; the large number of reflections which occur in 
the Fabry-Perot i nterferometer or etalon increase the need for precision. (A 
flatness of 1/20 to 1/100 wavelength has been recommended for some Fabry-Perot 
applications. While the small size of the unit being discussed here makes 
handling, etc., more difficult, it also means that random flatness variations 
v/ill be measured over a much smaller surface where there is less room for de- 
grading variations. For example, if a large ordi nary -pi ate flat to 1/A wave 
were to be examined on portions of its surface measuring only several hundred micro- 
meters, the flatness on those individual surfaces would certainly be found to 
be much better than that measured over the entire surface). 
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Figure 2. 2. 6-2. Multiple-Beam Fringe Sensor with 
Holographic Processor Detector 


A;'cer tne surfaces of the metallic spacer and fiber extension, Figure 
2'.2.6-2(d), have been ground to being flat and coincident, the difference in 
height, as shown in Figure 2.2.6-2(e), must be produced. One of the simplest 
ways of producing this would be to do the final polishing at a low temperature, 
lower than any temperature that is expected to be used by the Instrument. i he 
difference in expansion coefficients then will produce this heigrt difference, 
when the components are brought to the operating temperature. Another method 
of producing this height difference would be the vapor deposition of a spacing 
material on the outer periphery. This spacing material, or the step produced in 
some other fashion, could be formed instead, on the matching hemisphere, as 
shown in Figure 2.2.6-2(f). 

The devices just described may be visualized as a temperature sensor, 
wherein the spacer made of metal or other suitable material has an expansion 
coefficient larger than that of a glass or a quartz optical material. The same 
scheme may also be a pressure sensor, wherein the spacer is made of an elastic 
material suitable to the pressure range to be measured. In this case, the 
structure must be capable of maintaining the optical surfaces to a high degree 
of parallelism, a problem not expected to be difficult in the case of temperature 
sensing. A third application of this basic structure is the sensing of gas dens i ty 
by the measurement of its change in index of refraction. Gas, admitted to the gap 
betv/een the surfaces, will cause the optical path length to change v/ith the 
density and Index of refraction of the gas. In this application, no metai or 
compliant space would be used. 
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An interesting means of 
this device is by illuminating 
only the wavelength or colors, 
wavelengths, are transmitted, 
plotted in Figure 2.2,6-l(b). 


sensing the change In optical character i st i cs of 
it with a white light source. In this case, 
for which the gap is equal to a multiple of half 
The transmitted spectra at different gaps are 
It is seen that the wavelength of the transmitted 
light increases as the gap increases. As the wavelength of the transmitted 
light moves out of the visible region and Into the infrared, a new line appears 
in the visible region and moves toward longer wavelengths. This pattern is 
repeated as the gap continues to increase. Although at the larger gaps, the 
lines moving across the spectrum are a repetition of lines which moved across 
the spectrum at lower gaps, the entire spectrum is not duplicated. This Is 
because additional lines appear during the repetition§. For example, at a 
gap of 6Q00 A, the 2X line appears at 6000. At 9000 A the line alsg appears 
at 6000 A, but in addition, 4^ and 2X lines appeaf at 4500 A and 90Q0 A, thus 
uniquely distinguishing 900Q A gap from the 6 OOO A gap. At 12,000 A, the 4X 
line again appears at 6000 A, but the rest of the pattern, again, is different 
from that at 9000 and 6000 A. 


Thus, with adequate decoding, it will be possible to detect the value 
of the gap over a range of many wavelengths. One possible means of decoding 
this information is by breaking the spectrum up with a dispersing prism, as is 
shown in Figure 2.2.6-l(c), detecting this spectrum by a photocell array, and 
examining this array in a mi croprocessor which stores the algorithm required 
for decoding this information. Alternatively, the decoding process could be 
part of the function of a larger mi croprocessor or computer. 

The discussion elsewhere in this report, of the use of a Holographic 
Processor for the decoding of complex signals, suggests that this might be 
applicable to the present signal. Although there may be reasons v;hy the signal 
may not be easily converted to any binary or Gray code binary signal, it 
seems apparent that the signal can be decoded into a binary electrical output 
of some suitably defined code. A difference in the application of the Holo- 
graphic processor here to the applications which are discussed in the section 
on the Holographic Processor is that information here is contained in wave- 
length or color, not in location of the beam as was the case in the other 
discussion. Hov/ever, as discussed in the section on color multiplexing in 
relation to Figure 2.2.12-2, the hologram quickly becomes defocused when the 
color shifts, because at different wavelengths, the pattern of reinforcement 
changes. In addition, the sensitivity to color may be increased by using a 
thick-film hologram, of the type known as a Li ppman-Bragg hologram. The thick- 
film hologram, operation at colors other than that for which particular Image 
is designed, is interfered with by deviation of the wavelength from the spacing 
of portions of the hologram spaced through the thickness, that is, along the 
axis of the hologram. 

It will be noticed that the Holographic Processor of Figure 2. 2,6-3 
differs from some of the others discussed, in that is it not a oortion of the 
sensor but becomes a portion of the central processing unit. 
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Fig’jra 2.2. 5-3. Steps In the Construction of a Multiple- 
Seam Temperature Sensor. 
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2.2,7 Vibration Sensor Using Pulse Frequency Modulation 


Consider a fiber-optic vibration sensor where some form of vibration 
causes the fiber to oscillate and causes the fiber to be switched on and off. 
The fiber optic transmission system Is not a digital “word" indicative of a 
position, but rather a pulse sequence whose frequency is indicative of phys- 
ical vibration. One type of sensor which Incorporates this frequency modu- 
lation concept is shown in Figure 2.2.7"! • 

By using several fibers of the same cross-section but varying lengths, 
a wide range of vibrations can be monitored. The individual fiber sensors — 
constrained to oscillate in only one direction — are offset slightly from a 
light source fiber so that the light signal Fs normally off but oscillates 
when the fiber Is resonating. The resonant frequency and bandwidth of the 
fiber Is determined by Its length, diameter and elasticity and the medium 
damping. 

At the detection subsystem, the actual fiber from which the oscillating 
light signal emanates is irrelavent: only the signal frequency is important. 

Thus, incoherent fiber bundles can be used. 


Some practical problems do exist with such a vibration sensor. One 
such problem is the possibility of fiber fatigue and loss of optical properties 
after long continued flexing. Little data is available on fiber bending at 
high mechanical frequencies for long period of time. 


Another application of the oscillating fiber sensor v/ith pulse frequency 
'modulation is as a flow rate sensor. Hydrodynam ics shows that a thin flexible 
cylindrical rod--simiIar to a fiber--wil1 oscillate in a flov/ v/hen a particular 
flow rate is present. Such oscillation is due to Von Karman vort.ex shedding. 
Initial analysis of this effect indicates that the vortex fabrication is suit- 
able for flow velocity measurement over an intermediate range of Reynolds 
numbers relative to fiber diameter, above laminar flow, but belov/ highly 
turbulent flow where the regular vortex pattern is lost. 
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2.2.8 Raman-Nath Phase Grating Geometry-Variation Sensors 


Various multilayer structures of alternating i ndex-of-ref ract ion 
layers can diffract light in two ways. One is the Raman-Nath type of light 
diffraction, which is essentially a phase grating phenomenon. The other Is 
Bragg diffraction, which, although a special case of Raman-Nath, is more of 
a volume effect, in correspondence with Bragg diffraction of x-ray by a 
crystal lattice. 

In a Raman-Nath phase, grat ing , the output wavefront is phase modulated 
by the periodic change in the index of refraction. The resultant corrugated 
wavefront, in turn, causes many interference peaks in the far-field region 
with the angle of the m^^ order given by 

sinGm ~ ^ 0 (2, 2. 8-1) 

where X and A are the optical and mechanical wavelengths, respectively. The 
intensity of the m^^ order interference peak is given as 


Im = J * (u) 

^ ” 

u = 2TrAnW/Xnj 


( 2 . 2 . 8 - 2 ) 


(2. 2.3-3) 


where W is the grating width and An the Index difference betvyeen the cr5t*~7 
layers. Mote that in Equation 2. 2.5-2, the intensity is inaependent of 
variation in A (Eq. 2. 2. 8-3). 

A sensor formed by a Raman-Nath type grating must utilize the far 
field color pattern (Eq. 2. 2. 8-1) and an "Optical Lever" type of positional 
amplification, which shifts the spectrum. Thus, by monitoring the spectral 
component at one or two far field positions, color modulation can determine 
the variation in A due to environmental parameters. This simple sensor 
system, although adequate, can be vastly improved by monitoring all positions 
in the far field. The technique requires a form of Holographic Processing 
as described in Section 2.2.12, 
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2.2.9 Bragg Diffraction Sensor of Index of Refraction Change 


As the width, W, of a grating increases or the mechanical wavelength, 
A, decreases, the diffracted light begins to be dominated by an amplitude 
modulation. This modulation arises from interferences in the light reflected 
due to the discontinuities in the refractive index, which can vary as a 
function. of temperature or pressure. 

The condition for the Bragg diffraction is given by 


2itXW 



( 2 . 2 . 9 - 1 ) 


where X and A are the optical and mechanical wavelengths, respectively, and 
W is the grating width. Note that X is not the free-space wavelength but 
rather the optical wavelength in the medium with variable index n] (see 
Figure 2. 2. 9-1). This equation for Q can be considered as the number of 
individual grating elements in the grating having a width W transversed by 
the incident beam with an incident angle 0 where 


sin0 = ^ 


( 2 . 2 . 9 - 2 ) 


For Bragg diffraction, the value of Q, must be larger than unity, so 'that the 
reflection from each grating element can be added constructively for the 
output of Bragg diffraction. The Raman-Math region, where only the phase 
modulation of the incident beam is important, corresponds to Q < |. 

For stability of the structure In Figure 2.2.9-1* W must necessarily 
be much greater than A. Thus, the Bragg deflector requirement of 2. 2. 9-1 
holds, and equation 2. 2. 9-2 specifies the angular distribution of the spectrum. 
The variation of n^, due to an environmental parameter, will cause X (and 
hence 0) to vary with that parameter. 

Sensor system concepts listed for a Raman-Nath phase grating (Section 
2.2.8) apply to the Bragg Deflection — i.e., color modulation and Holographic 
Processing. The primary difference between the two phenomena is that the 
Raman-Nath structure is sensitive to geometry variations while the Bragg 
structure is sensitive to Index of refraction variations. 


34 





2.2.10 Conversion of Mechanical Motion to Digitized Optical Signals 


The proposal for this contract (dated June 1977) covered several 
aspects of the conversion of mechanical motion to digitized optical signals 
in Sections 2.1.2 through 2.1.2.12 of that document. The use of a Holographic 
Processor to perform this conversion is discussed in this report in the 
section on the Holographic Processor (2.2. 12), as well as in discussions of 
applications. Other aspects of mechanical motion conversion are discussed 
below. 


In the area of direct masking to perform the function of converting 
mechanical motion to Gray-coded digitized signals, where each bit of the 
digitized signal is represented by the presence or absence of light in a 
correspond ing fiber, Figure 2.2.10-1 illustrates the embodiment which is now 
preferred. It is a direct outgrowth of the principles discussed in the 
proposal; e.g., a compromise is generally required between sharpness of 
transition of the individual bits on one hand, and maximum light energy 
transfer on the other hand. In Figure 2.2.10-1 (b), the series of circles 
represents a group of fiber ends. The mask in Figure 2.2.10-1 (b), Mask 1, 
is permanently attached to the fiber ends. This mask, in addition to providing 
the functions described below, provides a reference for aligning and checking 
the alignment of the individual fibers. 


In Figure 2.2.10-1 (c), the opposing mask. Mask 2, is illustrated. 
When the two centerlines (dash-dotted lines) are coincident, the output 
signal is gray-coded 00000, because all open or clear portions of Mask 1 
are covered by opaque portions of Mask 2. As Mask 2 moves up, relative to 
Mask 1, the light intensity in the individual fibers changes as indicated in 
Figure 2.2. 10-1 (a). The transitions between dark and light must be assumed 
to occur at half intensitv. It can be shov/n that the civen pattern 


.1 ^ w w 


a gray-coded binary wliicli increiiien Ci eacii l/io inch, to the scale plotted. 


The masking Is characterized by two types — (l) those portions on the 
left (the least significant bits) where multiple bars of each mask work against 
each other, and (2) those on the right (the most significant bits) where one 
opening in Mask 1 v/orks against a larger pattern in Mask 2. 


The advantages of dividing the masking In this fashion are as follows. 
(!) The multiple masks for the least significant bits provide adequate il- 
lumination in the case where the signal must change rapidly and a signal slit 
would provide only dim illumination. (2) The single slit for the most signifi 
cant bits produces sufficiently rapid change, at the point of transition from 
0 to 1, so that errors are not introduced. Note the third and fourth trace 
on the right in Figure 2.2.10-1 (a): The rate of change of light intensity 
with position has a minimum rate. In the third, fourth, and fifth trace, the 
rates of change of intensity with position are the same. (3) For all fibers, 
the minimum coverage of the fibers is about 50 percent. Thus, the peak light 
intensity is the same for all bits. 

It Is believed that this general arrangement is a good choice for 
direct mechanical masking to produce one bit of information in each fiber. 
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A distinction will be made in this section between color modulation 
and color multiplexing, although it is clear that there will Inevitably be over- 
lapping of the two concepts. The term color multiplexing is used in other 
fields of fiber optics to indicate that the color, or optical frequency, func- 
tions much like a carrier frequently in electrical transmission and that the 
signals sent over different colors are entirely independent. As used here, the 
term color multiplexing will refer to separate signals being sent on different 
carrier colors, but in this application each carrier frequency, or color, will 
represent one bit of information of a binary word. An example of color multi- 
plexing of this form is shown in Figure 2.2.11-I(b). Here, a white source of 
light is transmitted from the processor to the remote sensor. At the remote 
sensor, the light is passed through a prism which breaks the light up into the 
spectral colors. This light is then focused on a slit behind which is a binary 
coded mask. As depicted in Figure 2.2. 1 1-1 (b), the mask is of the gray coded 
binary system. This system has been described elsewhere, including the proposal 
submitted for this program; it has the advantage of never producing a digital 
signal error which is any greater than the positional error causing the devia- 
tion. In Figure 2.2. 1 1-1 (b), it is seen that this Gray code mask operates 
behind the slit which, as stated, is illuminated by spectrally dispersed colors. 
Thus, as the mask moves, the patterns of color represent the binary bits, which 
indicates the position of the mask. In this example, red represents the most 
significant bit and blue the least significant bit. The plot of v/avelength 
distribution shows the binary number 1011. The entire signal is fed along one 
fiber, or it may be fed along an incoherent bundle if preferred. *At the proces- 
sor, the signal is 
color i 1 luminating 
photocel 1 array i s 
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The electrical pattern out of th's 


again broken into its spectrum by the use of a prism, with eacr 
a suitable photocell 
thus, d i r 3 c 1 1 a b i n 2 r * ' 
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strip to sense temoerature, 


by 


gnal — in this case. Gray coded, 
this case, the mask may be driven 
a bellov/s to sense oressure, etc. 


Two basic features of this system are (l) that it requires only one 
fiber for the light source and one fiber for the signal being returned, and 
( 2 ) that the signal output is immediately in a binary coded format, suitable 
for digital control processing. It should be mentioned that conversion from 
Gray code to conventional binary is a very simple process. The coded mask could, 
of course, be designed for conventional binary coding, but with a sacrifice of 
accuracy, due to the larger potential errors which may result from inconsistent 
switching time between the various binary bits. 

Figure 2.2.1 1-1 (c) shows several variations on the scheme described in 
Figure 2.2.11-I(b). Again, illumination is by a white source of light; and 
again, both illumination and signal feedback are on single fibers, or If prefer- 
red, on incoherent bundles. Also, the signal being fed back is again color 
multiplexed. In this case, the color is generated by simply a conventional color 
filter. This may be any of many types of conventional filters, such as those 
produced by dies, or it may be an i nterference- type multiple-layer filter. The 
Gray-coded binary mask is used In the same fashion as in Figure 2.2. 1 1-1 (b). 

In Figure 2.2. 11-1 (c), the color multiplexed signal is decoded onto 
the individual photosensors by a hologram, rather than by the use of a dispers- 
ing prism, as in Figure 2.2,l]-l(b). The hologram can v/ork in this fashion because 







the focus of a hologram is strongly dependent upon the wavelength of the light 
used. For example, if the blue light focuses to the least significant bit, 

LS3, then the portion of the hologram which causes this focusing will not cause 
focusing of light of a longer wavelength. Other components of the hologram will 
cause other colors to focus at other photosensors, thus creating the desired 
signal from the set of photosensors. A thick-film (Li ppman-Bragg) hologram will 
aid in this separation of colors, because of the variation of its pattern sep- 
aration throughout the thickness of the hologram, depending on the v/avelength 
of the 1 ight . 


Another method of encoding color multiplex signals is represented partial- 
ly In Figure 2.2.11-2. It Is assumed that the input temperature, pressure, etc., 
causes a white light source to move in the source plane at the left of Figure 
2.2.11-2. A and 8 represent two out of the many points at which this point of 
light may reside. The hologram in this case Is designed so that It always pro- 
duces an image at the same point In the image plane; namely, the point at v/hich 
the signal transmitting fiber receives its light energy. However, the hologram 
is designed so that it transmits various colors to this image point, depending 
on the location of the source illumination. For example, if a source illumina- 
tion is at A, then, in this example, blue light only is reinforced at the image 
point I. On the other hand, if the light illuminates a source plane at point B, 
then the hologram will reinforce v/aves at the image point I for both blue and 
green light. In this fashion, the hologram is designed to convert white light 
signals along the source plane to color multiplex signals in the output fiber. 

The hologram of Figure 2.2.11-2 becomes a part of a remote sensor. 


It will be noted that Figure 2.2.11-l(b), (c) and Figure 2.2.11-2 all 
involve, or at least car involve, the Identical definition of a color multi- 
plexed signal. Hence, for these various schemes, the white light source, the 
remo:e sensor, or the color muitlolex decoder at the controller can be inter- 
changeable betv/een the different systems. Another scheme for decoding this basic 
signal is rather apparent and seems to need no drawing for its description: 
this scheme is to simply illuminate all photosensors with the returned light, 
interposing in each case a color filter of conventional design between the signal 
light and the photosensor. It is also possible for a color multiplex filter 
mask to be designed so as to compensate for variations in sensor sensitivity 
variations with color. This is illustrated in Figure 2.2.11-3, where the basic 
sensor element is illustrated as a prism which has an index of refraction which 
is sensitive to changes in the basic quantity sensed; for example, the prism 
may contain a sample of a high-pressure gas, the density of which is to b,e measured 
This is labeled '*any beam bending sensor'* in the figure because other solid- 
state beam bending sensors do exist. For example, a conventional diffraction 
grating, although not possessing very high sensitivity (the percent change of 
the nominal angular deflection being approximately equal to the percent change 
of a physical dimension as a result of the temperature) , Is an example of another 
sensor of this class. These sensors may have a character! st ic that the amount 
the beam bends Is a function of the wavelength or color of the beam. Figure 2.2.11 
3(b) is an enlargement of the color multiplex filter (Gray-code) shown in Figure 
2.2.11-3(a). If the sensitivity of the beam bending sensor were not a function 
of wavelength or color, then this color multiplex filter would be the one Indicated 
to be used. Hov/ever, if, as is the case for the two sensors just mentioned, 
the long wavelengths tend to bend more or less than the short wavelengths, 
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GREEN 

BLUE 


Figure 2.2.11-2. Color Multiplexing V/ith a Holographic Processor. 


this effect can be compensated for, as indicated in Figure 2. 1.1 1-3 (c) by de* 
signing the color multiplex filter mask for different deflections for light 
beams of different wavelengths or color. 


Color Modulation 


In contrast to color multiplexing, color modulation is a system where 
a high-pass, low-pass or bandpass filter changes color or light wavelength in 
response to the basic sensed signal. This scheme is discussed elsev/here in this 
report and will be mentioned in this section briefly for contrast to the color 
multiplexing scheme just discussed. In Figure 2.2.11-l(a), a white or broad- 
band light source is transmitted to the remote sensor, where it is dispersed by 
means of a prism, a color filter, a diffraction grating, or by other means. 

In response to the basic sensed input, a portion of this spectrum is allowed to 
pass through the signal fiber and back to the central processor, v/here it is 
analyzed for spectral character i st i cs . This system is discussed in more detail 
in another section. 
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Figure 2.2. 3. Coh>t Multiplexing and Compensation 

for Vii iatic*n in Sensor Sensitivity 



2.2.12 Holographic Processor 
I ntroduct ion 


The Holographic processor is a concept which was developed for application 
to fiber-optic sensors. The concept has been found to be applicable to a broad 
range of fiber-optic sensors and is, therefore, being presented In a separate 
section rather than repeating the concept in discussions of various individual 
sensors. 


The Holographic Processor, in that it transforms a source pattern into 
an image, appears to have considerable In common with conventional optical informa- 
tion processing systems. In a broad sense, the Holographic Processor is, of 
course, an optical information processing system. However, the usual optical 
information processing involves the use of a lens to create a spatial Fourier 
transform, operates on that Fourier transform--by use of filters, for example-- 
and uses a second lens to recreate the image by performmg Four ier transform. The 
HslograpKic Processor as descr I bed here has no lenses and involves no Fourier transforms. 


In a conventional hologram reconstruction occurs when the hologram is 
illuminated by a parallel, or spherical, beam of light, normally monochromatic. 
This light reflects off of the complex pattern of the hologram in a manner so that 
numerous light rays come into phase at each point In the real image; or, the 
light may diverge in such a manner that the rays of light appear to have been in 
phase at points on a virtual Image. For example. Figure 2.2.12-3 (although 
this figure was drawn to illustrate a different point) may be used to describe 
the operation of a conventional hologram producing a real image. Consider the 
Source, at the numeral 2, as simply an illuminating monochromatic source for the 
hologram, H. This drav/ing then represents the recons truct ; on by the hologram 

233. The multiple rays 


of just two points of the real image, I, at L3S, and 
drawn represent, of course, only a small fraction ot 
go Into the reconstruction of each sing.le point. in 
hologram, the hologram produces, in the manner shown 
which go into the reconstruction of the real imag^ 
image by a hologram Is not illustrated because the Holographic Processor only 
uses the real im.age-formi ng capability of the hologram. (The production of a 
virtual image is very similar to the production of a real image, except that the 
beams of light which infer the virtual image diverge from the hologram.) 


the tncusands of rays which 
a conventional pictorial 
here, all of the points 
The production of a virtual 


It will be noted that the holograms in all of the figures in this 
section are shown aligned at an angle which is not perpend i cular to the axis 
central of the light beams. Calculations, which will be presented later in this 
section, indicate the importance of tipping the hologram at an angle such as 
is shown. This tipping was devised as a means of overcoming a type of Interference, 
or crosstalk, which was seen as a potential problem in the desired use of holo- 
grams . 


Incoherent Bundle to Coherent Sicnal 


Of the many uses to which the holographic processor can be put, in the 
field of fiber-optic sensors, perhaps the most obvious one is the one depicted 
in Figure 2.2.12-1. This is the use of the holographic processor for decoding 
an incoherent linear fiber-optic bundle. Figure 2.2. 12-1 (a) shows an Incoherent 
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Figure 2.2.12-1. Reconstruction of a Coherent Signal from an 

Incoherent Signal Using a Holographic Processor. 
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H, HOLOGRAM 



Figure 2.2.12-2. Two Components of a Holographic Processor Designed to 

Reconstruct a Coherent Signal from an Incoherent Signal. 


fiber-optic bundle which has been brought out to a linear array at each end. 
Because the bundle is incoherent, the location of the fibers at the output end 
is random with respect to the location of the fibers at the input end of the 
bundle. This is illustrated by the depiction of ten fibers (a small number used 
for the ease of illustration). These are numbered directly from 1 to 10 at the 
input, but with randomly located numbers at the output. The use of a hologram 
to reorient these signals is depicted in Figure 2.2. 12-1 (b). The source con- 
tains the fiber outputs in the sequence in which they are found to leave the in- 
coherent linear bundle. The hologram then is designed so that, for example, 

point k at the top of source S produces an image only at point k in the i.mage 

plane, which is in the fourth position, as desired. Likewise, each of the other 

points at the source produces an image at the proper location. The light rays 
drawn from k to 4, from 2 to 2, from 10 to 10, etc., represent only the center- 
line rays in Figure 2.2. 12-1 (b). A somewhat more representat i ve set of rays 
is^shown in Figure 2.2.12-2. The rays, for example, which pass from the point 
2 in the source to the point 2 in the image are reflected by the pattern in the 
hologram such that these rays always have path lengths which differ only by 
integral wavelengths. Thus, the rays, which number in the thousands, are in 
phase and support each other only at point 2, and in general do not support 
each other at any other point. The same holds true for the multiple rays from 
the source point 1, reflecting off of portions of the image in the hologram and 
forming a supportive image only at the point 1 in the image plane. 
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Figure 2,2.12-3. Con^poner.ts of a Holograohlc Processor Which images 
a Source Point into a Binary-Ceded Signal 


It is noted that the component of the holographic pattern which Images 
any one point into a particular other point, comprises a series of circular 
patterns which, collectively, are knov/n as a Fresnel Zone Plate. For example, 
the Fresnel Zone Plate which images source point 1 to image point 1 consists of 
a set of quas i-ci rcular rings centered about the point 1C. It is apparent then 
that this pattern consists of the equivalent of a lens with a center 3t the 
point 1C, for, as is well known, the Fresnel Zone Plate operates as a lens. 

The natural question that then arises Is: To what extent does the component of 
the hologram which consists of the Fresnel Zone Plane 1C cause the point 2 in 
the source to produce an Image at the point 4? If this tendency is strong, 
the entire operation of the holographic image processor could be defeated because, 
in addition to producing desired images, a wealth of spurious undesired images 
might also occur. Early In the development of this idea it was thought that these 
spurious images might well make the Holographic Processor unv/orkable. In study- 
ing this, however, it was discovered that by tilting the hologram, as is shown, 
it is possible to cause these spurious images to defocus very quickly, even for 
points quite close to the point for which the zone plate is designed to function. 
This will be discussed in more detail below. 
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Incoherent Bundle to Binary Signal 


While the restoration of a coherent signal from an incoherent linear 
fiber-optic bundle is a fairly straightforward application to the Holographic 
processor as outlined here, other applications seem even more interesting. For 
example, in the use of an incoherent linear fiber-optic bundle in a sensor ap- 
plication, the direct coherent optical output signal is not the ultimate object- 
ive. In this application, the input to the hologram, which would consist of 
perhaps several hundred fibers, is a signal in which the particular fiber which is 
illuminated represents the amount of temperature change, pressure change, etc. 

The ultimate output signal desired is not one of several hundred signals, but in 
the usual case would be a binary signal, either Gray-coded or conventional binary, 
which represents the number of the fiber which is illuminated, and thereby the 
level of signal being measured. Thus, if is were possible to convert the incoherent 
light output directly to the binary signal which represents this desired quantity, 
two steps would have been taken. 


Figures 2.2.12-3 3nd Figures 2.2.12-4 
appears to be no more difficult than the sing 
Figures 2.2.12-1 and 2.2.12-2. 


show that this double step 
e coherentizing step described 
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Figure 2.2.12-4. 


Centerlines of the Image Rays 
Coded Binary Pattern Using a 
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Holographic Processor. 
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In Figure 2. 2, 12-3 the point 2 In the source is shovyn being imaged by the 
hologram at the two points LSB and 2SB. Thus, the point 2 gives the binary 
number Oil. This number Oil is binary 2 in the Gray-code scheme. This imaging 
is an, exact analog of the conventional use of a hologram to produce a rea 1 
image; in fact, this figure was used above for purposes of illustrating the 
conventional holograms. Figure 2.2.12-4 shows the centerline rays for a set of 
possible source signals, along the paths for which the entire hologram will 
cause a set of reinforcing waves. Thus, Source 0 produces no image. Source 1 
produces an image only at LSB, the least significant bit. Source 2 produces 
images at LSB and 2SB, etc. These patterns are shown in the chart below to be 
part of the gray code for the corresponding source numbers. 

It Is clear that because these relationships between source and image 
patterns are arbitrary, the binary or Gray-coded binary signals can be 
produced from either a random source pattern, as in Figure 2.2.12-3, or a sequential 
pattern, as in Figure 2.2.12-4. In the case of a random source pattern which dif- 
fers from unit to unit, it will be, of course, necessary to make the holograms 
individually for each source pattern. When the source is sequential, as in 
Figure 2.2.12-4, it may be possible to replicate the holograms after making the 
master hologram by illuminating correspoi nd ing spots on the source and image 
during the exposure of the hologram. In the case of random source patterns, v/hich 
will differ from unit to unit, it will be necessary to expose a hologram for each 
unit i nd i v i dua 1 1 ly . In either case, this exposure of the hologram is in the 
same manner as is the normal exposure of holograms. 

Figure 2.2.12-5 shows examples of application of the holographic processor 
of the type which appear the most promising at this time. These represent the 
use of the hologram as a portion of a remote sensor in a complete fibei — optic 
system. They enable the fiber-optic sensor to accept a single light source from 
a fiber, transform this lighc into a binary or Gray-coded binary signal, and 
return the coded signal over. a small fiber bundle to the central processor. 

The fiber bundle which carries the return coded signal has only as many fibers 
as there are bits in the signal (for example, there would be eight fibers and 
eight bits for a level resolution of one part in 256). 

In Figure 2.2.12-5(a) the light beam is shown being sent by a 
prism. As discussed elsewhere, this prism might consist of a h ign-pressure gas, 
sensitive to pressure; it might consist of a solid state refracting material 
whose index of infraction responds to temperature changes, etc. The beam is then 
bent according to the sensed input. The position on the source plane S, which 
is illuminated, through the hologram H, determines which ones of the fibers 
Illuminated in the image plane I. 

In Figure 2.2.12-5Cb) the location of the spot of light in the source plane 

is moved by change of temperature in a bimetallic strip upon which is fastened the 

end of the Illuminating fiber. The hologram again converts the signal to a 
series of binary or Gray-coded binary signals for transmission back to the 
central processing unit. 

Figure 2.2.12-6 shows the manner in which a group of arbitrary signals 

at the source plane can be converted to arbitrary binary or Gray-coded binary 

signals at the image plane. The significance of illustrating the arb I t rar i ness 
of the conversion v;hich is possible with this scheme is the fact that some 
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Figure 2.2.12-5. Use of a Holographic Processor to Obtain a Binary Signal 
From (a) a Beam Deflected by a Var iabl e- I ndex Prism, (b) 
Light From the Tip of a Fiber Deflected by a Temperature 
Sensitive Bi-Metal Strip. 










Potential Spurious Images: Calculations 


D, * potential problem discussed above in relation to a Fresnel Zone 

Plate producing spurious images is now investigated. In all three sections of 

designed to produce the Image, I. In Fig- 
es 2.2.12 7(b) and (c), the source, S' is designed to produce the image, I', 

^ ,n"‘^ >'"es. however , are drawn 

between S and 1 . I represents the spurious image that is produced by the 
component of the hologram which exists for the purpose of producing 1 from S. 

nf'nrnH ^ ^ possesses the potential capability 

of producing I" from S'. In what follows, the degree to which that spurious 
image is produced will be investigated. 

Th u 1 quantities used in this calculation. 

The Hologram, H, will have dispersively reflecting portions at those locations 
at which the total path length from S to W to I exceeds the central path length 
it ^ I o ®r wavelengths, N. The pathlength from S' to I" is 

iLnrnl r ^ t spurious image at I" is to be formed, then all of these path- 
lengths, L, for the various values of W for which the hologram has dispersively 
reflecting portions, must differ by integral numbers, or nearly integral numbers. 

calculation is not amenable to a closed mathematical form. 

It was handled on a computer in the following manner. For each value of N for which 
a ca culation is to be made, the value of W at which the total pathlength 
equals P + Q + N is found by iteration. This value of W is th-n ‘us-d to fin^^ 


the length of the path from S’ to W to I 
differs from the central pathlength is 


The amount by v/hich this pathlength 
then calculated as L - L0, Finally, 
from the value N is calculated as the 


the amount by v;hich this value differs 

amount by which the light ray through that portion of the hologram ceviates 
rrom being in phase with the central light ray. For rafarence" the^program 
IS attached in Appendix A. Samples of a computer run are reproduced Ir 
Figures 2.2.12-9, -10, and -11. Figure g. 2. 12-7 -is a scale drawing of this 
computer run. For a wavelength of 7000 A .this scale drawing is one-quarter 
inch to 1 millimeter. The Increments of Y In this case are about one-tenth milli- 
meter, or 100 microns, which is a reasonable spacing for adjacent fibers in 

" ngufe 2.2.12-9, the first run is for theta = 0, and it is seen 
t at the calculations were made at every one-hundredth fringe. It is seen that 
with theta = 0 and y = 0 that the quantity N - (C0) is evervwhere 0. This por- 
tion Of tne run actually serves simply as a check on the program because the 
hologram is being designed at this point for complete support; thus, if th»se 
terms were not everywhere 0, there would be an indicated error in the program. 

For a value of Y of 150 wavelengths (about 100 micrometers) it is seen the N - /C0) 
varies from 0 to .278. This indicates that as far out as the nine-hundredth 
fringe, which is a distance of W = 3033 wavelengths, the phase difference is only 
one-quarter of a wavelength. Thus, it would be expected that a fairly larqe 
spurious signal v^ould occur at this location. 

The theory that was intended to be tested by this program is that by 
tipping the hologram, this spurious signal will be decreased. The results of 
this tipping are shown in Figure 2.2.12-10. Here , with the value of' theta = .h 
radians (about 22 ), it is seen that the value for N - (C0) is again everywhere 0 
wnen Y = 0. This again serves as a check because the hologram is designed for 
th^s point. The point of major interest, however, are the values for the quantity 
15u wavelengths; at this value, it is seen that, as N varies from 0 to 800, 
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FOR X » 0.7 At M, P X - Q X - 7 MM 

YXmaX » 1.0SMM YX INCR -0.105MM 
WX MAX -Z1 MM 

SCALE ATX -0.7;iM: ’AINCH-1MM (6.35 X) 


Figure 2.2.12-7. The Holographic Processor: Scale Drawing 

for Computer Run of 77“i2-22. 







c = L - (P * Q) 

N = 0 

lw=» 0 

C6=C] =L(f>-[P + Q) 

N=«0 

lw = o 

L- L<^= C+ (P + Q) - [ccS+(P + Q)] 
=‘C-C(f> 

AT Y=0, THE HOLOGRAM IS DESIGNED 
SOTHAT(C-C(i)»(L-L<f))=«N FOR ALL N 


Figure 2.2.12-8. The Holographic Processor: Definition 

of Terms Used in Computer Program. 
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and W varies from 0 to 3080, the value of N - (C - C0) varies from 0 to SAZ. 

This represents considerable phase shift. This amount of phase shift would be 
expected to very nearly eliminate this spurious signal. This represents a very 
rapid defocussing of the Fresnel Zone Plate because the source has moved only 
the small distance of 150 wavelengths, or about 100 micrometers. To see the 
effect of tipping the hologram, we compare the quantity 9.^2 in Figure 2.2.12-10 
to the quantity .278 in Figure 2.2.12-9. 

These results are believed to indicate that a hologram can be used 
successfully in the various ways in which it is described in this section, and 
in other similar fashions. 

Generation of Holograms 

The exposure, or generation, of all of the types of holograms which 
have been discussed in this section follows the same general procedure. Com- 
ponents of the hologram are generated by sequentially illuminating the hologram 
from desired pairs of source and image points from a common coherent light source. 
For example, in Figure 2.2.12-2, source point 1 and image point 1 may first be 
illuminated, using mirrors and beam splitters, from a common laser beam. Next, 
source point 2 and image point 2 are simultaneously illuminated. The first 
exposure forms a component of the hologram v/hich consists of a Fresnel Zone Plate 
centered about 1C; the second exposure, illuminating the hologram from source 
point 2 and image point 2 produces a zone plate centered about 2C. The rest of 
the hologram is built up in this manner, preferably using a mechanized system 
for indexing the exposures. 


More than one component of the hologram can be exposed at one time. 

This is shown by the fact that a conventional (pictorial) hologram is built 
up by illuminating, simultaneously, all points in the object and exposing the 
hoicgram with the light reflected from this object anc, at the same time, with 
re^e^ence beam. For example, in Figure 2.2.12-3, the source point 2 Is in- 
tended to produce image points at both LSB and 2S3. Hence, if LSB and 253 are 
illuminated simultaneously and coherently with source point 2, the exposure of 
the hologram will be an exact analog of the exposure of a conventional hologram 
where source point 2 replaces the reference beam, and LSB and 2S3 replace two 
points of the image. 


If the source contains 256 elements and the image contains 8 elements 
(the 8 bits which represent the number 256), it would appear practical to make 
the entire hologram with just 8 exposures--expos i ng each bit simultaneously 
with all of the source points which contain that bit. 


Several other types of holograms which have been conceived are discus- 
sed in different sections of this report. For example, in Figure 2.2.11-2, 
all source points image to the same point in the image plane, but do so with 
different colors. This is described in that section. 


It will be noticed that a feature of the holograms described in this 
report, which differs from the conventional hologram, is that while there are 
multiple points in the image, as is true in the conventional hologram, there 
are also multiple points in the source. The source, in drawing an analogy to a 
conventional hologram, replaces the reference beam. It is not known whether 
holograms have been used in just this manner previously, or If so, if a standard 
terminology has been given to usage of this type. For the present usage, 
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the term "Holographic Processor" has been assigned to uses of the hologram 
where the source, which replaces the reference beam in a conventional hologram, 
becomes a variable In location, or may have multiple values of location at a 
g i ven momen t . 
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Point Source Motion 


Consider a moving point source of broad-band illumination. The move- 
ment might be due to the mechanical motion of a fiber terminus or the solid 
state deflection of a Bragg cell. If the illumination were to impinge on a 
graded filtei — one with cutoff wavelength varying linearly with position over 
the filter length (high-, lowr, or band-pass) —the position of the light source 
could be transmitted via color modulation (Figure 2.2.12-1). As the point 
source illumination moves across the graded filter it encounters different 
filtering character istics and the resultant filtered spectrum indicates the 
section on the filter which is being Illuminated. This spectral information 
can be deciphered by a color modulation/detection subsystem. 

A simple and efficient graded filter can be fabricated by growing 
graded band-gap semiconductor crystals or by depositing amorphous semiconductor 
films of varying composition. Such a graded filter can be made to operate In 
the manner discussed in Section 2.2.4. 



HIGH-PASS CHARACTERISTICS 


Figure 2.2.13-1. Graded High Pass Filter Used in Color 
^Modulation of Point Source Position 
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2.3 DETECTtON SUBSYSTEM 


Detector subsystems have not been studied under this contract, except as 
required to evaluate particular sensor concepts. However, in some cases, an 
element developed for use in sensing may also be useful as a detector. 

2 . 3.1 Binary Modulation Detection . In binary modulation, as defined here 
(including Gray code), each bit of information is carried in a separate fiber. 

Thus, if a signal has 102^ levels, the binary modulated signal would be carried 
in a coherent bundle of just ten fibers. Detection in this case is straight- 
forward. One photodetector per fiber generates one bit of electrical information, 
which may be fed into an electrical processor circuit in any manner required. 

2 . 3.2 Pulse Width Modulation Detection . The measurement of pulse widths by 
gated counters, etc., is also stra ightforward , once the optical signal has been 
converted to an electrical pulse. The concept of pulse width detection has 
been extended somewhat in Section 2.2.2 to include the exponent la 1 -decay pulses 
generated fay a luminescent temperature detector. In this case, the exact be- 
ginning and end of the pulse must be accurately defined for proper sensor 
operation (see Section 2.2,2). 

2 . 3.3 Pulse Frequency Modulation Detection . Pulse frequency modulation consists 
of a detection subsystem which samples the optical signal for a given length 

of time and counts the number of Incoming pulses during that period. This 
count--v/h ich is proportional to frequency — Is converted to an electrical 
signal compatible with digital electronics. 


2 . 3.4 Color Modulation 
been defined to include 
1ov;-pa5S v/avel engths , as 
terns (as In multiple-be 
frequencies, or colors, 
sensor array, and the el 
i sties. 


and Color Multiplexing Detection . Color modulation has 
shifts in band-pass wavelength and shifts In high- or 
v/ell as shifts in the spectra of more complex pat- 
am Interference sensors at the larger gaps). These 
nay be separated by a prism or a grating, onto a photo- 
ectrical output analyzed for the spectral character- 


A more interesting method of analyzing such spectra is the use of what 
is termed here, a Holographic Processor, This device, ini t ia 1 1 y visualized 
for use in remote sensors, also indicates potential for use in the detection 
of complex signals, such as color modulated signals. As discussed in detail 
under the Holographic Processor (2.2.12) and also under individual applica- 
tions, this device offers promise for converting complex color-modulated signals 
directly to binary outputs- 

Color multiplexing, the term used here for binary signals where each bit 
Is coded as the presence or absence of light of a particular wavelength or 
color, has basically the same requirements for sensing, and the above comments 
generally apply. In the case of dispersion by prism, however, a smaller photo- 
sensor array may be used since only one sensor is required for each binary bit. 
Also, because of the smaller number of color bands or channels. It is possible, 
in the case of color multiplexing, to separate the individual color signals 
at the photosensors, using conventional color filters only. 
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2.3.5 Holographic Processoi — Incoherent to Coherent Bundle . The holographic 
processor, in addition to several uses in sensors, shows promise for use as a 
processing element for decoding a linear array of fiber outputs of an inco~ 
herent bundle. This application is described in the discussion of the holo- 
graphic processor. Section 2.2.13 
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3.0 RESULTS AND DISCUSSION 


Various fiber-optic sensors were investigated. The study was restricted 
to those sensors which both receive light for excitation through an optical 
fiber and transmit the signal, a measure of the sensed quantity, back to a 
central processor through an optical fiber. 

In many of the sensors analyzed, the complete sensor consists of two 
elements. The first element converts the quantity being sensed to some 
intermediate quantity, while the second converts the intermediate quantity to 
a form suitable for transmission. In these cases, each element is a sensor 
component and,frequently, these elements can be paired to form more combina- 
tions than there are individual elements. 

A series of birefringent crystals, with a polarizer and analyzer at the 
ends of each, can be used to produce the binary bits of a coded temperature 
signal. The sensitivity would be very good, but a problem exists in the lack 
of sharp transition between the "off" and the "on" state in the case of the 
more significant bits. 

The pulse-width modulated luminescent sensor is, in construction, the 
simplest sensor considered. It uses the same fiber for both driving the sensor 
and for returning the signal. The sensor consists simply of a spherically 
terminated end which has been coated with a phosphorescent material. Because 
the decay rate of phosphors are a strong function of temperature, the time 
required for the phosphorescent illumination to decay to a fixed ratio of the 
Initial value is a pulse width which is a function of temperature. The 
measurement of the ratio of light Intensities during decay permits pulse 
widths to be measured v/i thout interference caused by variation In atter.uaticn 
of the s igna 1 -transmi tt ing fiber. 

A luminescent tem-erature detector of the cor.structicn Just described 
can be used to sense temperature by means of utilizing the shift in ivave- 
length, or color, of the phosphorescent return signal. The sensor, the 
optical drive, and the transmitting fibers are identical. Only the quantity 
sensed, the detector, and the choice of phosphorescent material are different. 

The temperature (and/or) pressure-dependent semiconductor filter provides 
a color-modulated signal which is characterized by high-pass cutoff wavelength. 
The prime advantage of this type sensor is ease of fabrication. Using crys- 
tal 1 ine mater ial requres a stra ightforward sandwiching of optical materials. 
Using amorphous materials, however, allows for one of many simple thin-film 
deposition techniques to be performed. 

The use of coupled polarized modes provides a means of forming a band- 
pass filter using only an inherent material property rather than 
a microfabr icated structure. Color-modulation techniques in a coupled polarized 
mode filter can be made more sensitive by using a band-pass rather than a 
high-pass or low-pass filter. This is due to a peak wavelength being more 
easily defined by electronic processing than a somewhat gradual cutoff wave- 
length. 
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The Raman-Nath and Bragg sensors provide light patterns sensitive to 
temperature, pressure, or gas density. The sensitivity, however, is not as 
high as would be desirable. The sensitivity corresponds to that of a con- 
ventional diffraction grating which senses temperature changes by its change 
in ruling spacing with temperature. This means an optical lever Is required 
to obtain reasonable sensitivity. 

Numerous methods exist for converting mechanical motion to digitized 
optical signals. In addition to Holographic Processor applications, discus- 
sed below, numerous mask or multiple shutter schemes are practical. The 
preferred scheme has the advantages of sharp transition of the most significant 
bits, adequate light on the least significant bits, high sensitivity to small 
motions, a fiber mask which aids in fiber alignment and check thereof, and 
the error limitations inherent in the Gray code. 

"Color Multiplexing," is often associated with transmission; however, 
here it serves as a focal point for several of the sensor concepts. The term 
is used here to refer to transmissions in v/hich each bit of binary (conven- 
tional 01 — preferrably--Gray code) information is carried by a particular 
color, or wavelength. 

The first element of a color-multiplex sensor is one which produces in 
some way, a changing light pattern or a mechanical motion. This includes 
solid-state sensor elements which bend a beam, such as a diffraction grating, 
or a prism of variable index of refraction, and mechanically actuated mirrors 
or fiber ends. Generally, color modulating sensors would not be included as 
such a first element, because they produce signals suitable for transmission 
v/ithout further conditioning. 

In the case of a mechanical motion, the Illuminating light Is broken 
into a scectrum by a prism or by a color filter, and the mechanical motion 
drives a coded mask. in the case of a bent beam, the beam may pass through a 
suitable mask, or, as described belov;, a Holographic Processor may be used to 
transcribe the changing light pattern into a color-multiplexed signal. 


All of these color-multiplexed schemes have the advantage of providing a 
signal which is independent of fiber attenuation, requires only one fiber 
for transmitting the entire coded signal, and provides a signal which is 
already digitally encoded. 

The Holographic Processor is not an entire sensor, but one of the elements 
of a sensor. The element which precedes the Holographic Processor in a sensor 
is a device which modifies a light beam in some manner. By suitable con- 
struction, the Holographic Processor is able to process this beam into any 
transmission code chosen, out of a large number aval lable--the most important 
of which are the coherent-bund 1 e-fa i nary (one fiber per bit), and the color- 
multiplexed (as just described) signals. 

The Holographic Processor also has promise for use as a decoder at the 
processor. For example, a Holographic Processor could be used to color- 
multiplex a signal at the sensor, then a second Holographic Processor could be 
used at the detector to decode the color-multiplexed signal into a binary 
pattern onto a set of photodetectors. 
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4.0 CONCLUSIONS AND RECOMMENDATIONS 


This report considers twenty fiber-optic sensor subsystems. Depending 
on application requirements, various combinations of these subsystems can 
be used to form a sensor system with a digital transmission format which is 
unaffected by power interruptions, etc. The subsystems are divided into three 
groups — light source, sensor and detector--as follows: 

A. Light Source 

1) Narrowband 

2) Broadband 

B. Sensors 

1) Birefringent crystal 

2) Pulse-width luminescent 

3) Wavelength luminescent 

4) Semiconductor filter 

5) Coupled polarized mode 

6) Multiple-heam interference 

7) Vibration frequency modulation- 

8) Raman-Nath 

9) Bragg 

10) Mechanical digitized mask 

1 1 ) Color multiplex 

12) Holographic Processor 

13) Semiconductor bandgap 


C. Detector 

1 ) Digital ampl i tude 

2) Pu 1 se width 

3) Pulse frequency 

4) Spectral analysis 

5) Holographic Processor 

All these subsystems, and the systems which are obtained by combining 
them, have certain desirable features and advantages. At least three of these 
systems are not only extremely promising, but are diverse enough in concent 
to make a further study a very difficult task. The authors have converged on 
these three systems for further study because they embody the key principles 
involved in the concepts used for all of the above-listed subsystems. These 
three systems are as follows: 

A. Interference filter with temperature-dependent geometry utilizing 
color modulation. 

B. Luminescent material with dependent emission decay time utilizing 
pulse-width modulation. 

C. Point source of light with pressure-dependent motion utilizing a 
Holographic Processor to convert motion to color multiplex. 
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APPENDIX A 


HOLOGRAPHIC ANALYSES COMPUTER PROGRAM 


type OLU op .'Jt'V: OLD; hold 


OK 

LIST 


HOLD 

100 
1 10 
120 
130 
140 
153 
160 
170 
180 
193 
203 
210 
220 

230 

231 
240 
250 
263 
261 
273 
280 
2b 1 
293 

300 

301 
310 
32'0 
321 
330 


ll;01 rtl T/S JAN 13> 1978 


PRINr**3> 4 (ADD C-C0)» OH 5 (ADD D2 ) OUTPUT 


INPUT K 

PR INF ••UALUES OF P/O** 

INPUT p»a 

PKINI’T T MAX» T INCR" 

INPUT ri^T2#r3 
PRINT”«AXIMUrf JALUE OF W 
INPUT W2 

?ftINT**Y MIN»Y MAX> T INCR" 

INPUT Y1.Y2>Y3 

PR INT"v;ALUES of N1#N FINALj N incr** 
INPUT Nl»N2/N3 
LET L=P-*-a 


PKINT 

PRINT 

IF K=3 THEN 303 
IF K=4 THEN 280 
PRINT •• N"#" N-(C-C3 
print *’ = = = ===**••>•* 

GO TO 313 

PRINT “ N- ( C“C0 )"» '* 

Print '•===”,'' == ======••,•• 


'•J' 


C-C0*%“ 


C-C0' 


GO TO 313 

PRINT " N*S” N-(C-C0 )•'.*• W 
PRINT '•a*ss''»'* = = *3 = = = = ”**' 33t = ” 

FOR T=Tl TO T2 STEP T3 

PRINT 

PRINT 

PRINT”**-**** THETA =•', T> ”***** ***" 


COLUMNS?” 


D2‘* 


343 fOn Y=n TO Y2 STEP Y3 
350 Prtl.Mi 

360 PPLxJT “VALUE Of Y:*SY 
370 LET M=0 
3S0 G0SU3 450 
3V0 C0=C 

400 PrtINr*VALU£ OF C0“>C0 
4l0 ?aiMT 

420 FOR TO .'Ja STEP N3 

430 GuSUB 450 
443 GO TO 620 
450 LET W»13 

483 LET D2s-L^SQR( J*W'*-P*P-2*?'«Wf‘SIM(T) )+SaR<W'*'*<>a*0<-2*P*W^SL'JC T) )-M 
490 IF D2*D2<1 .0E-10 THE;'4 540 

500 LET Hl = (2*W-2*P*SIN( T) )/(2«SaR(W*W*fp + P-a*P*W*SIN< D > ) 

510 LET R2*C2*V>2*Q»SI.'i<T) ) / ( 2*SaR( W*W+Q^a+2^a» W*S L'J < T) ) > 

520 LET WaW-02/<Rl ♦R2) 

530 GO TO 483 
540 L5»?-W*SI;NJ(T) 

550 L6=W*COS(T )-Y 

560 Ll=SaR(L5*L5*L6*L6) 

570 L7=Q+W*SIN( T) 

580 L8 = W*C0SCr)-*-Ti«0/P 
590 L2=SQH<L7*L7+L8*L8) 

600 LET C=Ll+L2-P-Q 

610 RETUa.'I 

6,20 C5aN-(C-C0) 

630 0:3= i.'J rC 10000*C5)/10000 

650 IF K=3 THEN 713 

660 IF K=4 THEM 690 

670 PRINT N,Cb>V,C-C3»D2 

680 GO TO 720 

690 PRINT N,C3*U»C-C0 

703 GO TO 723 

710 PRINT N>C5^W 

713 IF W<W2 THEN 720 

714 N=N2 + lv3 
723 NEXT N 
730 NEXT Y 
740 NEXT T 
750 ENO 
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